Purpose -Legged vehicles offer several advantages over wheeled vehicles, particularly on broken terrain, but are presently too slow to be considered for many high-speed tasks. This paper presents an effective 3D controller for a high-speed quadruped trot. Design/methodology/approach -To successfully regulate forward velocity and heading, secondary motions such as body pitch and roll must be stabilised. The complicated coupling between pitch and roll motion causes the control effort on one axis to disturb the motion and control effort of the other. Unlike the modular methods in previous research, the algorithm presented here employs a cooperative approach where pitch stability effort is directly accounted for by the roll controller. Findings -When the secondary motions such as pitch and roll are well stabilized, forward velocity and heading can be regulated up to 3 m/s and 208/s, respectively. Research limitations/implications -For many quadrupeds, trotting is usually employed as the precursor to galloping, which is ultimately used at top speeds. Because these two gaits are commonly used together, we expect their control algorithms to share a number of similar components. It is then expected that understanding the quadruped trot will serve as a valuable foundation to understanding the quadruped gallop. Originality/value -This appears to be the first reported regulation of quadruped heading while running at significant speeds.
Introduction
Legged vehicles offer several advantages over wheeled vehicles, particularly on broken terrain. In the future, legged vehicles will be used for military reconnaissance and timecritical search and rescue operations. Presently, however, legged machines are too slow to be considered for these highspeed tasks. To address the issue of speed, this paper will present an effective controller for a high-speed quadruped trot.
Cursorial quadrupeds select gaits at various speeds based mainly on energy considerations (Hoyt and Taylor, 1981) . Many researchers have studied the quadruped bound[1] as a high-speed dynamic gait (Neishtadt and Li, 1991; Buchler et al., 1998; Berkemeier, 1998) , but very few animals naturally bound. Instead, trotting is usually employed as the precursor to galloping, which is ultimately used at top speeds. Trotting is more efficient that either galloping or walking for a wide range of speeds (Hoyt and Taylor, 1981) . Because trotting and galloping are commonly used together, we expect their control algorithms to share a number of similar components. It is then expected that understanding the quadruped trot will serve as a valuable foundation to understanding the quadruped gallop. Figure 1 (Gambarian, 1974) shows the complete trotting stride with two flight phases and two stance phases.
Research toward this goal of high-speed quadruped motion has focused on planar quadrupeds which are only allowed to move in the sagittal plane (Nanua and Waldron, 1994) ; Berkemeier, 1998; Herr and McMahon, 2000) , but this has not yet been extended to produce satisfactory control on 3D machines. This is primarily because when motion is allowed in all three planes, the control efforts in the sagittal plane are negatively affected by the motion and corresponding control in the frontal and transverse planes. When this coupling is not actively accounted for, the accuracy of the controller suffers.
Control algorithms have also been developed for quadruped machines moving in steady state trajectories (Herr and McMahon, 2000) . These algorithms only maintain stability when the system is well initialized and without the presence of significant disturbances. Raibert (1990) tested a pacing, trotting, and bounding machine using the virtual leg concept derived from single-leg and biped algorithms and required leg pairs to contact and leave the ground synchronously. This method was effective for trotting but could not be extended to the asynchronous gallop gait, which is our goal. This paper presents a control scheme which overcomes the above problems to regulate forward velocity and yaw rate in a 3D quadruped trot. Lateral velocity, height, pitch, and roll motion are of secondary importance, but need to be stabilized to maintain a stable trot. Stability is generally defined as the ability of a system to return to a stable limit cycle or equilibrium point after a disturbance. The highly non-linear dynamic equations, which change with every leg touchdown and liftoff, make it difficult to prove the stability of a gait by traditional methods. Instead, the controller will strive to generate limit cycles in the phase plane. This is consistent with what was proposed by Nanua and Waldron (1994) and Raibert (1990) . Herr and McMahon (2001) also used simulation to suggest model robustness to external disturbances instead of analytically proving stability. The effectiveness of the control algorithm presented here will be measured by the system's ability to maintain stability during steady-state running, and during the transient motion in response to regulation input changes.
The system is controlled in a fully-dynamic simulation environment as shown in Figure 2 . The mass of all nine links is included in the simulation model. The controller will ultimately be tested on the experimental KOLT (kinetically ordered locomotion test) vehicle at Stanford University (Nichol et al., 2004) , shown in Figure 3 .
Quadruped model
A kinematic diagram of the quadruped system is shown in Figure 4 . The legs each have two actuators at the shoulder and hip joints, one to abduct and adduct the leg and another to protract and retract the leg. During flight, torques vary the resultant leg angles, u a and u t , respectively. During the short periods of leg stance, these actuators are used to deliver a corrective moment onto the body. Actuators at the knee and elbow joints adjust leg length, r, during flight and apply an axial thrust on the body during stance. The knee/elbow motor is prismatic and acts in series with a passive spring with fixed stiffness. The spring is used to store and return energy as muscles, tendons, and ligaments do in biological systems (Farley et al., 1993) . The quadruped weighs 60 kg and stands 60 cm high with the leg springs at nominal length. The size and mass were chosen to closely match those of a mid-sized goat.
Figure 4 also shows the specific body states to be stabilized: roll, g, pitch, b, yaw, a, forward velocity, v xb , lateral velocity, v yb , and height, p zE , at the apex of the flight phase. The peak height is recognized when the vertical body velocity is zero and occurs at a time referred to as top of flight (TOF). A cycle starts at a TOF and concludes at the next TOF, each leg having contacted the ground and exerted an impulse during that time.
Control mechanisms
At TOF, the controller prepares for contact by selecting appropriate foot placements depending on the present body state. The algorithms for selecting the fore/aft and ab/ad shoulder and hip angles stem from Raibert's (1990) quadruped work. The fore/aft angle, u t , is a function of the present velocity, v, and the desired change in Figure 1 Complete trotting stride. In each step of a stride, diagonal leg pairs are synchronized to contact and leave the ground together 
Palmer III et al. (2003) showed that intelligent methods are available for online tuning of these parameters. The yaw rate, _ a, and lateral velocity, v yb ; are controlled with an appropriate ab/ab angle, u a for the fore and hind legs, at touchdown by:
where p 3 , p 4 , and k l are manually tuned. The roll angle, g, is subtracted out to keep the legs vertical with respect to the earth in the frontal plane. The second term, which is added to the fore legs and subtracted from the hind legs, puts the legs in a scissor-like configuration that produces a yaw moment on the body during stance. This term is dependent on the present yaw rate, _ a; and the desired change in yaw rate, _ a 2 _ a d : The final term causes side stepping, which creates a lateral force during stance to negate lateral velocities. Foot contacts for diagonal leg pairs are synchronized by extending and shortening the legs to compensate for body roll and pitch. The non-active legs are shortened to avoid ground contact.
At contact, each leg's passive spring begins compressing to absorb energy from the ballistic flight. When the spring is maximally compressed, additional energy is applied to the system by further compressing the spring. The leg is then allowed to lengthen naturally, returning the absorbed plus the added energy to the system. The additional thrust energy added at maximum compression is applied by all four legs to overcome frictional and contact losses during the stride. This common mode energy, h, is adjusted using integral errors to control height, simplified as h here:
where k is the step number and h d is the desired height. The coefficient p h is tuned manually. The strength of the control method presented in this paper is the concurrent control of roll and pitch. Previous research has focused on sagittal plane (pitch) control, expecting that similar methods can be extended for frontal plane (roll) control in a modular structure. These methods have not produced a sufficiently robust algorithm on a 3D system. The method presented here employs a cooperative approach where pitch stability effort is directly accounted for by the roll controller.
Pitch stability is achieved by the biologically inspired method of redistributing the vertical impulses between the fore and hind limbs (Lee et al., 1999) . The differential leg thrusts, d, are computed from a linearly-approximated model of the system. This is accomplished by testing the response of the system starting from several combinations of pitches and pitch rates, and applying a range of thrust differentials at maximum compression. These initial conditions and inputs plus the resulting pitches and pitch rates at the next TOF are approximated into a state-space model of the system using a least squares method. The matrix, F and vector, G are solved for, resulting in the state-space model:
From Equation (3), we can show that:
after substitution. From Vaccaro (1995) , an nth-order controllable system can go from its current state to any other state in n time steps. If the controllability matrix, W c , is nonsingular, then the system is controllable and equation (5) can be inverted to form: 
For any starting position in the state space, the algorithm produces a differential for the first step, d[0], and a differential for the second step, d [1] . A predicted state for the next TOF, ½b½1; _ b½1 T ; can be computed from equation 3. If the model is exact, the machine will achieve zero pitch and zero pitch rate after the second step.
A luxury of this method is that the algorithm can be restarted at every TOF and produce the same results. This is necessary for our quadruped because the model is not exact. The true TOF state will not match the predicted intermediate step, so the corresponding second step differential is no longer valid. Instead, the algorithm can be restarted after one step using the actual TOF state and good convergence still occurs. Figure 5 shows the path of the actual system and linearly approximated system starting from the same initial conditions. The linear system (dotted line) moves to the origin in two steps as expected and the actual system (solid line) converges to the origin after several steps. For the front legs, the additional spring energy added at maximum compression is h þ d½0; and the rear leg additional energy is computed by h 2 d½0: The differential thrusting used to control pitch, when applied to diagonal leg pairs, causes an unwanted moment on the roll axis. This moment is offset by a torque, t a , on the abduction/ adduction axis and is computed by:
The first two terms form a proportional-derivative (PD) controller to eliminate existing roll and roll rate. The last term is a feedforward term used to negate the roll moment being produced by uneven leg thrusting. Leg kinematics are used to compute the roll moment, N i , being applied by foot force, f i , and an opposing torque is applied. The total moment seen by the body is the sum of moments from all legs. Each leg is directed to oppose the percentage of the total moment that it is responsible for.
Results Figure 6 shows the performance of the system in simulation responding to desired velocity and yaw rate changes. The linear pitch controller is less robust at higher speeds, suggesting that the system is more non-linear at these speeds. When pitch effort increases, roll effort is also increased and eventually capped to prevent the foot from slipping. The coupling that exists between the three axes of motion is evident here as changes in desired yaw rate (step 50) disturb the motion of both roll and pitch. The controller accounts for these disturbances and maintains the system's stability. Stability here is described as sustained regulation of system outputs and the ability to compensate for moderate disturbances.
Summary
The trotting controller presented here successfully regulates forward speed up to 3 m/s and turns at rates up to 20 8/s. This appears to be the first reported regulation of quadruped heading while running at high speeds. This success relies on the maintained stability of pitch and roll motion. The control method presented here uses a cooperative approach for pitch and roll stability instead of the modular methods seen in previous research. Plans are for the robustness of this algorithm to be tested on the KOLT vehicle. Intelligent methods for online parameter learning can also be implemented to improve the trotting performance. Ultimately, the results and understanding gained through trotting will be a valuable stepping stone toward the development of a galloping controller at even higher speeds.
Note 1 In the bound, the legs are in effect linked in lateral pairs. First the front legs contact and leave the ground together, then the rear legs. In the trot, diagonal leg pairs are synchronized. In the gallop, the legs contact and leave the ground asynchronously. 
